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422a Tuesday, February 10, 2015tropomyosin-troponin complex. In the absence of calcium, troponin constrains
tropomyosin in a blocking position where it shields myosin binding sites on
actin. Calcium binding to troponin enables azimuthal movement of tropomy-
osin, which exposes myosin binding sites, and relieves contractile inhibition.
Previous models indicated that K326 and K328 on actin form electrostatic con-
tacts with E181 of tropomyosin in an inhibitory state (Li, et al. 2011), and that
K328 also contacts E286 of myosin S1 during contraction (Behrmann, et al.
2012). A recent proteomic study showed that K326 and K328 are acetylated
in guinea pig cardiac thin filaments (Foster, et al. 2013). Since this post-
translational modification would negate the positively charged lysines, and
potentially ablate vital ionic interactions between actin and tropomyosin or
myosin, we predicted K326 and K328 acetylation would alter muscle perfor-
mance. We tested this hypothesis in vivo by expressing K326Q, K328Q, or
K326Q/K328Q acetyl-mimetic actin in Drosophila muscle. Polarized light mi-
croscopy of K328Q and K326Q/K328Q indirect flight muscle revealed a severe
disturbance to fiber structure, and flight tests confirmed complete loss in flight
ability relative to control. Flies harboring only the K326Q mutation, however,
had similar fiber structure to control, but nonetheless displayed a significant
decrease in flight performance. These results suggest that K326 and K328
play important roles in maintaining proper muscle function. We are currently
investigating the effects of the pseudo-acetylated actin residues on Drosophila
hearts. Overall, our findings highlight the utility of Drosophila as a model that
permits efficient targeted design and assessment of molecular and tissue-
specific responses to muscle protein modifications, in the physiological context
of muscle.
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In cardiac muscle troponin (Tn) and tropomyosin (Tm) associate with filamen-
tous actin (Ac) to provide Ca2þ-dependent regulation of contraction. In situ,
Ca2þ activation is a highly cooperative process thought to be linked to cooper-
ative structural interactions between Tn, Tm, and Ac. The integrity of the regu-
lated actin assembly is a concern at the low concentrations needed to achieve
single molecule resolution. Previous studies of filament stability were based
on indirect methods performed and conducted under conditions of high ionic
strength. Here, we characterized the the binding of Tn-Tm to Ac under near
physiologic conditions by directly visualizing dye-labeled reconstituted regu-
lated actin filaments (rAc). Tn, Tm, and Ac were labeled, respectively, with
AF546, ATTO655, and phalloidin-AF488. Regulated actin was reconstituted
at 1:1:1 stoichiometry of Tn:Tm:Ac7. From the co-localization of the fluores-
cence emission, we observe that Tn-Tm binds non-cooperatively (Hill coeffi-
cient approaches 1) to actin with a dissociation constant of 0.1 mM. At
concentrations greater than 100 nM, Tn-Tm binds to Ac in a all-or-nothing
fashion, where Ac either has Tn-Tm bound along its length or has no Tn-Tm
bound at all. At 500 nM Tn-Tm, approximately 83% of Tn-Tm in solution is
bound to Ac; bound Tn-Tm decorates Ac confluently; unbound Tn-Tm disso-
ciate from each other. By reconstituting regulated actin with sparsely labeled
Tn, we are able to study Ca2þ-dependent Tn switching within regulated actin
at single molecule resolution. This is confirmed by FCSmeasurements that sug-
gest that less than one dye molecule is present in the confocal at any given time.
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Muscular force is highly dependent on the amount of free Caþþ in the myo-
plasm because actomyosin binding is carefully regulated by troponin (Tn)
and tropomyosin (Tm). To gain molecular insight into the Caþþ dependence
of force, we directly observed the effect of Caþþ on the force-generating ca-
pacity of a mini-ensemble of myosin (~6 heads) interacting with a single recon-
stituted thin filament (actinþTnþTm) in a three bead laser trap assay at 100uM
ATP. Maximum force decreased in a Caþþ-dependent manner (6.75, 4.75,
3.25, and 1.85pN at pCa 5, 6, 6.5 and 7 respectively). Furthermore, the average
forces were significantly different (p<0.05) as Caþþ levels were decreased
from pCa 5 (mean force 5 S.E. ¼ 0.94 50.033, N ¼ 1253) to 6 (0.47 5
0.014, N ¼ 585), 6.5 (0.5350.014, N ¼ 841), and 7 (0.3850.004,
N¼2012). Saturating Caþþ (pCa5) produced a broad distribution of forces,
ranging from 0.2 pN (consistent with single actomyosin events) to 6.75 pN
(consistent with multiple successive actomyosin attachments). However, the
distribution became tighter at lower pCa levels. Indeed, at pCa5, approximately15% of the events produced > 1.5pN where only 0.1% of the events achieved
this force level at pCa7. In addition, the total percent of time the myosin mol-
ecules were strongly bound to the thin filament were 41, 21, 16, and 14% at pCa
5, 6, 6.5 and 7 respectively. Overall, these data provide unique insight into the
molecular events that underlie the Caþþ-dependence of force generation in a
regulated system.
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Striated muscle contraction is regulated by a complex interaction network con-
necting the effects of troponin, Ca2þ, and myosin-heads to the azimuthal posi-
tioning of tropomyosin along thin filaments. In relaxed muscle, tropomyosin
sterically blocks crossbridge cycling on actin to inhibit contraction, while in
stimulated muscle, tropomyosin repositions over actin, and crossbridge cycling
and contraction result. Many missense mutations, located at the actin-
tropomyosin interface, however, reset the regulatory switching mechanism
either by weakening or strengthening residue-specific interactions, leading to
hyper- or hypo-contractile pathologies. We have computed energy landscapes
for the actin-tropomyosin interface and have quantified contributions of single
amino acid residues to actin-tropomyosin binding. The information acquired
can prove to be a useful diagnostic tool to assess effects of actin and tropomy-
osin mutations by relating the critical initial stages of disease development to
alterations in thin filament stability and regulation. We find that the landscapes
for mutant filaments associated with hyper-contractility, for example those
linked to hypertrophic cardiomyopathy (HCM), skeletal muscle arthrogryposis
and congenital fiber-type disproportion (CFTD), provide a simple picture. In
these cases, most of the mutations examined are associated with a decrease
in actin-tropomyosin interaction energy that will destabilize the blocked
(relaxed)-state. Our measurements parallel previously noted enhanced Ca2þ-
sensitivity conferred by these mutants. We show, in addition, that energy land-
scape computation, in combination with known actin-tropomyosin sequence
and structural information, can be used prospectively to identify potential
effects of post-translational modifications to rescue regulatory imbalances.
However, unlike results on hyper-contractility-related mutants, landscapes
for tropomyosin mutants tied to hypo-contractility do not present a straightfor-
ward picture. These mutations may affect other components of the regulatory
network, e.g., troponin-tropomyosin signaling or tropomyosin-myosin
interaction.
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Small-angle X-ray diffraction of contracting muscle provide a view of sarco-
mere structure averaged over the area illuminated by the X-ray beam. Many
important details of muscle contraction, however, such as crossbridge attach-
ment and detachment rates are likely to depend on the local structures and
forces on these structures. We have developed a methodology for predicting
X-ray diffraction patterns with stepwise increases of strain along actin filaments
in the hexagonal sarcomere lattice. Using PDB data for the crystal structures of
G-actin we reconstructed the geometry of actin filaments deformed under stress
generated by crossbridges. This stress varies along the filament length, so these
deformations also vary with length. These fiber deformations may be deter-
mined by Monte Carlo calculations using the computational platform,
MUSICO, along with the force and length changes seen during classical me-
chanical protocols. Using the predicted changes in spacings of actin filaments
due to crossbridge forces we predicted how the X-ray diffraction patterns vary
along with force and length during mechanical transients. Predicted X-ray
diffraction patterns of fully developed isometric force muscle fibers are
compared to experimental X-ray diffraction measurements in order to estimate
the average force in actin filaments. Using peak shape analysis of the meridi-
onal reflections, one can assess the variation of filament deformation, and hence
force, along the length of the filaments. Using the same methodology, we esti-
mated the local modulation of force on actin during different mechanical pro-
tocols, including Huxley-Simmons quick releases and isotonic shortening.
These data enable us to better correlate the molecular events, such as the current
Tuesday, February 10, 2015 423anumber of attached crossbridges and the distributions of crossbridge forces to
macroscopic measurements of force and length changes. Supported by: NIH 9
P41 GM103622, R01 AR048776 and R01 DC 011528
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We have used fluorescence microscopy to detect interactions of sarcolipin
(SLN), phospholamban (PLB), and the SR Ca-ATPase (SERCA1a isoform).
SLN and PLB individually regulate SERCA activity through protein-protein in-
teractions controlled by phosphorylation; SLN is highly expressed in fast-
twitch muscle and atria, while PLB is highly expressed in slow-twitch muscle
and ventricles. When SERCA, SLN, and PLB are expressed in the same human
cell (vastus lateralis muscle, Takotsubo cardiomyopathy), the three proteins
form a ‘‘super-inhibited’’ ternary complex (SERCA-SLN-PLB), whereby
SERCA activity shows 5-fold decreased calcium affinity and 2-fold decreased
maximum velocity (MacLennan JBC 2002; Tupling PLOS 2013). Here we used
Fo¨rster resonance energy transfer (FRET) to quantify the complex equilibria of
homo- and hetero-oligomeric interactions between SERCA, SLN, and PLB.
The three proteins were tagged with genetically-encoded fluorescent probes
(CFP, YFP), and the fluorescent fusion proteins were expressed in Sf21 cells
via baculovirus infection. Five protein-protein interactions were assayed
(SLN-SLN, SLN-PLB, PLB-PLB, SERCA-SLN, SERCA-PLB), and three
parameters were calculated per interaction (binding affinity, oligomer number,
interprobe distance). Results indicate (a) SLN and PLB show high-affinity self-
association into homo-oligomers and low-affinity cross-assembly as hetero-
dimers, and (b) SERCA forms 1:1 binary complexes with SLN or PLB when
co-expressed with either subunit individually, with SERCA having 3-fold
higher affinity for SLN over PLB. We conclude that SLN and PLB monomers
bind independently to SERCA, and that each subunit shows competing self-
association versus regulatory complex formation. Molecular modeling based
on FRET parameters was used to examine the SERCA-SLN-PLB complex.
We propose that equilibrium allocation of SERCA between binary and ternary
complexes depends on the expression level and phosphorylation state of each
regulatory subunit in muscle. Acknowledgments: This work was funded by
NIH grants to DDT (GM27906, AR0507220, AR007612) and UMN awards
to JMA (CBS-HHMI).
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Anoctamin 5 (ANO5) and 6 (ANO6) belong to a conserved gene family (anoc-
tamins, also known as TMEM16 ), which encode for proteins predicted to have
eight transmembrane domains and putative Ca2þ-activated chloride channel
(CaCC) activity. Genetic defects in this gene family result in a number of hu-
man diseases. In particular, mutations in ANO5 have been linked to gnathodia-
physeal dysplasia 1 (GDD1), limb-girdle muscular dystrophy (LGMD2L), and
Miyoshi myopathy (MMD3), while mutations in ANO6 cause a bleeding syn-
drome. However, the biological functions of these anoctamins in skeletal mus-
cle are largely unknown. In this study we examined the roles of Ano5 and Ano6
in C2C12 proliferation and differentiation. Our data showed that Ano6 but not
Ano5 plays an essential role in C2C12 myoblast proliferation, likely via regu-
lating the ERK/AKT signaling pathway. In addition, Ano5 or Ano6deficiency
alone does not affect the myogenic differentiation program of C2C12 cells,
however knocking down both Ano5and Ano6 remarkably promotes C2C12
myoblast differentiation. Our data demonstrate that Ano5 and Ano6 together
may play an important role in regulating the switch from proliferation to differ-
entiation during myogenesis. Further investigation will focus on the mecha-
nisms of Ano5 and Ano6 in this regulatory process.
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Extensive muscle inflammation is frequently observed in muscular dystrophy
patients, particularly in those with dysferlin deficiency. Dysferlin has beenshown to play multiple functions in skeletal muscle including the plasma
membrane repair. However, the mechanisms underlying the extensive muscle
inflammation in dysferlin-deficient muscular dystrophy are largely unknown.
Our previous study revealed that genetic ablation of the complement system
ameliorates the pathology in a mouse model of dysferlinopathy, indicating
that the innate immune activation may be involved in the pathogenesis. How-
ever, it is unclear how the innate immune system contributes to the disease
pathology in dysferlinopathy. Recently, we found that vesicles composed of
charged lipids can potently activate the NLRP3 inflammasome, resulting in
the maturation and release of pro-inflammatory cytokine interleukin-1b.
Furthermore, mitochondrial reactive oxygen species-dependent calcium influx
via the TRPM2 channel plays an essential role in activation of the NLRP3 in-
flammasome. Interestingly, NLRP3 inflammasome pathway has been shown to
be up regulated in dysferlin-deficient muscle. To further investigate the regula-
tory signaling pathways involved in NLRP3 inflammasome activation, we
established a cell screening system using THP-1 cells. NLRP3 inflammasome
activation induces pyroptosis, a form of programmed cell death associated
with antimicrobial responses during inflammation. LPS was used to stimulate
PMA-differentiated THP1 cells, Nigericin was used to induce NLRP3
activation and over 80% cell death. To validate the system, we created
NLRP3-deficient THP-1 cells using CRISPR technology. The NLPR3-
deficient THP-1 cells showed significantly decreased cell death when compared
to control cells. We will use this system to identify novel regulators of NLRP3
inflammasome.
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The sarcoplasmic reticulum (SR) functions as a highly specialized intracellular
Ca2þ store controlling muscle contraction cycle. Although major SR proteins
involved in Ca2þ handling have been extensively studied, there are still SR
components with unknown functions, which would potentially open new study
fields in muscle biology. Here we report mitsugumin 56 (MG56), a new SR
membrane protein predominantly expressed in striated muscle. MG56 belongs
to the MBOAT (membrane-bound O-acyltransferase) family, and is specif-
ically localized to the junctional SR composing the triad in skeletal muscle.
Mg56-knockout mice grew normally for a week after birth, however, they grad-
ually developed suckling failure and died within two weeks under starvation
conditions. In the skeletal muscle of Mg56-knockout mice, the SR elements
began to swell near the Z-line prior to physical debilitation, and further devel-
oped enormous vacuoles spreading over the sarcomeres. However, in tension
measurements, regular contractile features were largely preserved in Mg56-
knockout muscle that contained swelling SR elements. Meanwhile, biochem-
ical analysis demonstrated that unfolded protein response was highly activated
in Mg56-knockout muscle, suggesting that the suckling failure was caused by
disrupted muscle maturation under ER stress conditions. Therefore, MG56
exerts anti-ER stress activity in the developing SR and is essential for postnatal
muscle maturation.
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Amyotrophic lateral sclerosis (ALS) is a fatal neuromuscular disease character-
ized by the progressive loss of motor neuron and skeletal muscle atrophy.
Accumulation of abnormal protein inclusions is implicated in motor neuron
degeneration in ALS. Autophagy, an intracellular process targeting misfolded
proteins and damaged organelles for lysosomal degradation, plays crucial roles
in survival and diseased conditions. Efforts were made to understand the role of
autophagy in motor neuron degeneration and to target autophagy in motor
neuron for ALS treatment. However, results were quite contradictory. Skeletal
muscle comprises around 40% of whole-body lean mass and is substantially
affected in ALS. Possible autophagy defects in skeletal muscle may also
complicate the results. Here, we examined autophagy activity in skeletal mus-
cle of an ALS mouse model G93A. Through overexpression of a fluorescent
protein LC3-RFP, we found a basal increase in autophagosome formation in
